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ABSTRACT  26 
We developed a simple model of the biogeochemical and sedimentation behaviour of carbon (C), 27 
nitrogen (N) and phosphorus (P) in lakes, designed to be used in long-term (decades to centuries) 28 
and large-scale (104 – 105 km2) macronutrient modelling, with a focus on human-induced changes.  29 
The model represents settling of inflow suspended particulate matter, production and settling of 30 
phytoplankton, decomposition of organic matter in surface sediment, denitrification, and DOM  31 
flocculation and decomposition.   The model uses 19 parameters, 13 of which are fixed a priori.  The 32 
remaining 6 were obtained by fitting data from 109 temperate lakes, together with other 33 
information from the literature, which between them characterised the stoichiometric incorporation 34 
of N and P into phytoplankton via photosynthesis, whole-lake retention of N and P, N removal by 35 
denitrification, and the sediment burial of C, N and P.  To run the model over the long periods of 36 
time necessary to simulate sediment accumulation and properties, simple assumptions were made 37 
about increases in inflow concentrations and loads of dissolved N and P and of catchment-derived 38 
particulate matter (CPM) during the 20th century.  Agreement between observations and calculations 39 
is only approximate, but the model is able to capture wide trends in the lakewater and sediment 40 
variables, while also making reasonable predictions of net primary production.  Modelled results 41 
suggest that allochthonous sources of carbon (CPM and dissolved organic matter) contribute more 42 
to sediment carbon than the production and settling of algal biomass, but the relative contribution 43 
due to algal biomass has increased over time.  Simulations for 8 UK lakes with sediment records 44 
suggest that during the 20th century average carbon fixation increased 6-fold and carbon burial in 45 
sediments by 70%, while the delivery of suspended sediment from the catchments increased by 40% 46 
and sediment burial rates of N and P by 131% and 185% respectively.   47 
 48 
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1. Introduction 54 
Lakes play a significant role in the global C cycle, a role which has been altered by human activities 55 
and which is sensitive to climate change (Tranvik et al., 2009).  Over recent centuries, especially the 56 
last 100 years, erosion from agricultural land due to farming intensification has increased rates of 57 
lacustrine carbon burial (Anderson et al., 2013).  Over the same period, lakes have received greater 58 
inputs of nitrogen (N) and phosphorus (P), from fertiliser use and sewage effluent, leading to higher 59 
plankton biomass and consequently more sedimentation and sediment storage of autochthonous 60 
carbon (Heathcote and Downing, 2012; Pacheco et al., 2013).  Lake sediments are long-term sinks 61 
for C, N and P (Dean and Gorham, 1998) and lakes also convert incoming C and N into gases that are 62 
released to the atmosphere (Seitzinger, 1988; Saunders and Kalff, 2001).  To put these interacting 63 
processes and effects into context, over the long-term (decades to centuries) and at large landscape 64 
scale (104 – 105 km2), a suitable model is required that can simulate the processing of macronutrients 65 
by lakes, driven by the outputs of models of terrestrial ecosystem element cycling, agriculture, 66 
erosion and sediment delivery, and point source inputs to inflowing rivers.  Such a model needs to 67 
operate at seasonal or annual timescales, and be readily applicable to all the lakes in the region of 68 
interest.  It needs to capture the principal processes simply so as to be computationally efficient. 69 
A review of the literature showed that a suitable nutrient simulation model for lakes does not 70 
presently exist.  Most lake models have been developed to analyse and predict individual lakes in 71 
detail, and with an emphasis on eutrophication and the amount of chlorophyll a (Chla) in the water 72 
column (Jørgensen et al., 1996).  Examples include phosphorus-Chla models based on flushing rate 73 
(Vollenweider, 1975), or more complex representations (Håkanson and Boulion, 2003;  Håkanson 74 
and Bryhn, 2008; Omlin et al., 2001), phytoplankton population dynamics (Jørgensen, 1976; Elliott et 75 
al., 2010), or physics and phosphorus only (Saloranta and Andersen, 2007).  None of these deals with 76 
sediments, whereas other models focus on sediment processes only (e.g. Dittrich et al., 2009).  The 77 
ECO model of Smits and van Beek (2013) is comprehensive, couples water and sediment, and 78 
includes carbon cycling, but is highly complicated with many parameters, mostly lake-specific, and 79 
does not include sediment transport from the catchment.   The model that perhaps most closely 80 
meets our needs is that of Nyholm (1978), which was designed to be general and could use 81 
“universal” parameters.  However it includes neither carbon cycling nor denitrification.  Because we 82 
could not find a simple model that combined productivity, nutrient cycling, and sediment formation, 83 
suitable for application to many lakes simulataneously over long timescales, we created a new 84 
model appropriate to our purposes.   85 
Nearly all the relevant processes involve interactions between the biogeochemical cycles of the 86 
three elements, and the main ones are depicted in Figure 1.  By representing them in the model, we 87 
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aimed to describe the effects of human activities over the last 100-200 years on temporal variations 88 
and lake-to-lake variations in the concentrations of Chla, dissolved N and dissolved P, lake retention 89 
of N and P, including losses by denitrification, the burial efficiency of organic C in sediments, the 90 
mass accumulation of sediment, sediment stoichiometry (CNP ratios), lake productivity, the net 91 
removal of inflowing DOM, and the quality of outflow water.   To obtain an overall picture, 92 
applicable generally to temperate lakes, for the purposes of estimating macronutrient processing, 93 
we used data from many lakes (121 for fitting, 34 for testing), although for only a few lakes was a full 94 
data set available.  We had to make simplifying assumptions about trends in both erosion and 95 
nutrient enrichment, which inevitably restricted precision but allowed a representative first 96 
parameterisation.   97 
The primary purposes of the work were to formulate the model and evaluate its performance in 98 
terms of using a universal parameter set to simulate C, N and P processing by a range of lakes, as 99 
required for large-scale application.  Long-term simulation was evaluated from results for sediment 100 
compositions.   In addition, we used the model outputs to examine possible changes in lake 101 
macronutrient processing during the last century. 102 
 103 
 104 
Figure 1.  Schematic of the element transformation processes.  Inorganic C is not shown, since it was 105 
not simulated in the present work.   106 
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Table 1.  Glossary of symbols and parameter values  109 
Symbol Units Meaning Value 
Variables    
X
 g d
-1
 Daily change in the amount of variable X (equations 1,3,4,5,6,7,8,9)  
BIOdw g d
-1
 Loss of BIO owing to decomposition / grazing (equation 3)  
BIOmax g d
-1
 Maximum daily increase in BIO content of lake (equation 1)  
BIOsed   g d
-1
 Sedimentation loss of BIO (equation 5)  
(C,N,P)min g d
-1
 Mineralisation loss of C, N, P (equation 8)  
CPMsed g d
-1
 Sedimentation loss of CPM (equation 4)  
NdeN g d
-1
 Loss of N by denitrification (equation 9)  
DOMfl g d
-1
 Loss of DOM by flocculation (equation 6)  
DOMpd g d
-1
 Loss of DOM by photodecomposition (equation 7)  
[X] g m
-3 
Concentration of variable X  
Alake m
2
 Lake area  
BD g m
-3 
Bulk density of sediment  
BIO  Phytoplankton biomass  
Ceff - Burial efficiency of carbon in lake sediment (equation 12)  
Csed,end g Mass of C in surface sediment at end of year  
C,N,Psed,labile g Sediment content of labile C, N, P (equations 8 and 9)  
CPM  Catchment-derived particulate material  
CPM-C,N,P,OM  C, N, P, organic matter in CPM  
Dlake m Lake depth  
DIN,DIP 
 
Dissolved inorganic nitrogen, phosphorus  
DOM,C,N,P  Dissolved organic matter, C, N, P  
FdeN  Fraction of retained N lost by denitrification (equation 11)  
MAP mm Annual rainfall  
MAT 
o
C Mean annual temperature  
NPP gC m
-2
 a
-1 
Net primary productivity  
RX  Lake retention of X (equation 10)  
r0 d
-1 
Doubling rate at 0
0
C (equations 1 and 2)  
T 
o
C Lake temperature  
Vlake m
3 
Lake volume  
Constants set a priori  
flabile -
 
Fraction of CPM organic C , N and P that is labile 0.05 
kpd m
3
 g
-1 
d
-1
 Rate constant for DOM photodecomposition (equation 7)
1
 2x10
-4
 
Q10,BIO - Temperature factor in equation 1 2.5 
Q10,deN - Temperature factor in equation 9 2 
Q10,ds - Temperature factor in equation 8 2 
Q10,dw - Temperature factor in equation 3 2 
r0,max d
-1 
Maximum doubling rate at 0
0
C (equation 1) 0.2 
vBIO m d
-1 
Settling velocity of phytoplankton (equation 5) 0.1 
vCPM m d
-1 
Settling velocity of CPM (equation 4) 1.0 
 - Exponent in equation 2 2 
 - Exponent in equation 6
 
2 
γ - Exponent in equation 7 2 
δ - Exponent in equation 9 0.5 
Constants fitted    
kdeN g
1.5
 m
-2 
Rate constant for denitrification (equation 9) 0.005 
kdw d
-1 
Rate constant for decomposition and grazing in water column at 0
o
C 0.006 
kds d
-1 
Rate constant for decomposition in sediment at 0
o
C 0.007 
kfl m
3
 g
-1 
d
-1 
Rate constant for DOM flocculation (equation 6) 2x10
-4
 
kr m
2
g
-1
 Constant for effects of DOC and depth (equation 2) 15 
Psed,max g g
-1 
Maximum labile P content of lake sediment 0.002 
1
 Set equal to kfl 110 
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2. Model description 111 
A glossary of variables and constants is given in Table 1, which should be referred to when reading 112 
this section.  The lakewater is assumed to be completely mixed and of constant volume, with 113 
outflow equal to inflow.  Inflowing water brings catchment-derived particulate matter (CPM) which 114 
is derived principally from soil erosion, and contains organic matter (OM) comprising C, N and P, as 115 
well as particulate inorganic P.  It also brings solutes, namely dissolved inorganic nitrogen (DIN), 116 
dissolved inorganic phosphorus (DIP), and dissolved organic matter (DOM), which contains C, N and 117 
P.  Water leaving the lake contains the same components (although generally at different 118 
concentrations), together with algal biomass (BIO) generated within the lake by photosynthesis.  The 119 
BIO comprises organic C, N and P, and the ratio of Chla to C is assumed to be 50.  To maintain small 120 
incremental changes in water composition, in-lake processes, and sedimentation, the model is run 121 
on a daily time step, with mass balance of each element.  However, it is not intended to produce 122 
faithful simulations of short-term processes, rather to permit averaging over seasons or single years.  123 
In the following equations, square brackets indicate lakewater concentrations in g m-3. 124 
Algal biomass is formed by cell division during the growing season, with a rate constant at 0oC of r0 125 
(day-1) and a dependence on temperature, so the increase in BIO in the lake (gC day-1) is 126 
BIOmax = [BIO]  Vlake  {exp (r0  Q10,BIO
T/10) - 1}   (1) 127 
The biological material has the CNP stoichiometry of algae (Redfield ratios; Sterner and Elser, 2002) 128 
i.e. 41:7.2:1 by mass.  The value of r0 is given by;  129 
r0 = r0,max  / {kr  Dlake  [DOC]}    (2) 130 
The negative dependences on Dlake and [DOC] are assumed on the basis of unpublished regression 131 
analyses of lakes data for the UK showing significant decreases of the [Chla]/[TP] ratio with log Dlake 132 
for Dlake > 1 m (p < 0.01) and with [DOC] (p < 0.001).  Net primary productivity (NPP, gC m
-2 a-1) is 133 
calculated as the sum of BIO-C values over the growing season.  If there is insufficient N or P to 134 
build the maximum biomass, then the amount built is determined by the amount of available N or P, 135 
whichever is stoichiometrically more limiting.  Both dissolved inorganic and organic forms of N and P 136 
elements are assumed to be bioavailable; this gave better results than those obtained with only DIN 137 
and DIP bioavailable, because in oligotrophic lakes considerable proportions of the TN and TP are 138 
present in DOM, and if this is not bioavailable, calculated [Chla] values were too low.  However, it 139 
was assumed that any DIN and DIP were used first, followed by DON and DOP.   Probably DON and 140 
DOP are converted to DIN and DIP before uptake (Spears and May, 2015).  We assumed that over 141 
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the seasonal timescales considered, C limitation does not occur.   Consequently only organic carbon 142 
needed to be tracked in this work. 143 
Decomposition or grazing of algae in the water column causes a first-order rate of loss of BIO from 144 
the lake (g day-1), according to the equation 145 
BIOdw = - kdw  Q10,dw
T/10  [BIO]  Vlake   (3) 146 
and following Elliott et al. (2010) the nutrients are returned immediately to the DIN and DIP pools.     147 
Net settling of eroded particles and phytoplankton to the lake sediment in g day-1 is given by 148 
CPMsed = (vCPM / Dlake)  [CPM]  Vlake    (4) 149 
BIOsed  =  (vBIO / Dlake)   [BIO]  Vlake  
  (5) 150 
The leading bracketed terms characterise settling, while the products of concentration and volume 151 
are the total quantities of CPM or BIO in the lake, and so the equations represent a first-order loss 152 
process to the sediment.   The longer is the lake’s residence time, the more efficiently are CPM and 153 
BIO lost by sedimentation. 154 
Dissolved organic matter can flocculate (coagulate) or photodecompose in the water column, 155 
according to first-order reactions, modified by an exponent, so the losses (g day-1) are given by 156 
DOMfl  = kfl   [DOM]
  Vlake     (6) 157 
DOMpd = kpd  [DOM]
γ  Vlake     (7) 158 
The flocculated DOM is incorporated into CPM.  When DOM is photodecomposed the DOC is 159 
converted to CO2, while the DON and DOP are converted to DIN and DIP. 160 
The CPM arriving at the sediment surface comprises mineral and organic matter, in proportions 161 
depending upon the properties of the eroded soil.  Part of the CPM organic matter is non-labile, i.e. 162 
cannot decompose, and the remainder is labile, quantified by the fraction labile flabile.  All the DOM 163 
added to the CPM by flocculation is assumed labile.  So too is all sedimented BIO organic matter, and 164 
therefore more eutrophic lakes tend to supply more labile organic matter to the sediment. 165 
Decomposition of labile organic matter occurs in surface sediment, i.e. the layer that exists during 166 
the year of simulation, by a first-order reaction, modified by temperature.  Labile C, N and P in the 167 
sediment are mineralised in proportion (g day-1), according to 168 
(C,N,P)min = kds  (C,N,P)sed,labile  Q10,ds
(T/10)   (8) 169 
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The released C is lost as CO2, and the released N is returned to the water column as DIN.  170 
Phosphorus released by decomposition from the labile pool is considered to be totally adsorbed by 171 
the surface sediment, up to a maximum ratio of labile P to sediment mass (Psed,max).  If Psed,max is 172 
exceeded the excess P from decomposition is returned to the water column as DIP (release as DOP is 173 
minor; Spears and May, 2015).  Lake sediment bulk density (BD, g m-3) was calculated from carbon 174 
content (%C) using the equation of Dean and Gorham (1999), i.e. BD = 1.665106 %C-0.887.  At the end 175 
of each year the sediment that has accumulated during that year is buried, cast into anoxic storage, 176 
and no further changes take place with respect to C, N and P cycling.  In reality decomposition will 177 
continue, diminishingly, in subsequent years.  Galman et al. (2008) showed that nearly all losses of C 178 
and N took place in the first few years after sedimentation in a boreal forest lake.  Working on the 179 
eutrophic Lake Zug in Switzerland, Dittrich et al. (2009) found that “although the mineralization of 180 
organic matter by oxygen and nitrate only occurred in the upper 2mm of sediments, it dominates 181 
total organic matter degradation”, only 2% of degradation took place anoxically, principally by 182 
methanogenesis.  Both these conclusions support our simplification.   183 
Denitrification is proportional to the amount of DIN in the lake (assumed principally to be NO3) but 184 
(i) factored with the lake depth, and (ii) related to sediment labile C, both of which take account of 185 
the role of upper sediment in the reaction.  The equation used is 186 
NdeN = kdeN  {Csed,labile /Alake}
δ  [DIN]  Vlake  Q10,deN
(T/10)/ Dlake  (9) 187 
where the term {Csed,labile / Alake} is the sediment concentration of labile C (g m
-2).  The exponent δ (0 188 
< δ < 1) causes the relative effect of labile C to diminish as its concentration increases.  Nitrogen is 189 
lost as N2 and N2O (denitrification, g day
-1).   190 
Overall lake processing of N, P, DOC and CPM (X in the following equation) is expressed in terms of 191 
fractions of the input loads retained by the lake;  192 
   RX = (Xinput – Xoutput) / Xinput     (10) 193 
The fraction of the nitrogen, FDeN, lost by denitrification is given by 194 
   FdeN = ΣNdeN / (Ninput – Noutput)   (11) 195 
where ΣNdeN is denitrification summed over the year.  The (organic) carbon burial efficiency is given 196 
by 197 
Ceff = Cs,end / Σ (CPM-Csed + BIO-Csed)    (12) 198 
where the denominator is the sum of all C reaching the sediment in the year.    199 
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The model neglects many physical, biogeochemical and biological lake processes that affect 200 
macronutrient behaviour.  Lake physics is simplified by ignoring short-term variations in inflow 201 
volumes, thermal stratification, sediment resuspension, and the attenuation of light by suspended 202 
sediment. Biogeochemical factors not accounted for include N fixation, the autochthonous 203 
formation of DOM from either algae (Hanson et al., 2004) or macrophytes (Rich and Wetzel, 1978), 204 
sediment diagenesis in deeper layers including methanogenesis, the stoichiometric linkage of 205 
denitrification to carbon, variations in redox conditions in both the water column and the sediment, 206 
and variations of P sorption with sediment properties.  Neglected biological processes include lack of 207 
variation in algal species and properties, and the activities of zooplankton and fish.  Perhaps of more 208 
direct significance, we ignore the cycling of macronutrients through macrophytes and benthic algae, 209 
both of which may contribute significantly, especially in shallow lakes (Wetzel 2001; Spears et al., 210 
2008; Vadeboncoeur et al., 2008; Schlesinger and Bernhardt, 2013), although more in relation to 211 
seasonal rather than annual or longer-term dynamics.   The omission of these and other processes in 212 
is justified principally on the grounds that the model is intended to capture the aggregated effects of 213 
large numbers of lakes in a regional landscape over long time periods, not to simulate individual 214 
lakes in any detail.  Moreover, to introduce additional process modelling, more driving data would 215 
be needed, in addition to the most basic information about physical dimensions that is generally 216 
available.  It also needs to be borne in mind that long-term large-scale modelling of the terrestrial 217 
processes that generate macronutrient inputs to lakes (e.g. N14C, Tipping et al., 2012) is necessarily 218 
very simple, and it would not be sensible to use their outputs to drive an over-complex lake model. 219 
 220 
3. Data 221 
 Climate data (mean annual temperature and precipitation) were taken either from the source 222 
references for individual lakes, or, in the absence of site-specific data, from Cramer and Leemans 223 
(2001).  The same values were assumed to apply over the entire simulation period (i.e. pre 1900 to 224 
the present).   225 
We obtained a representative composition of CPM from data published by Ankers et al (2003), 226 
Tipping et al. (1997) and Walling et al. (2001) for 18 UK rivers; the mean values were C 6.5%, N 0.5% 227 
and P 0.025%.  Half of the P was assumed to be in organic form.  We assumed a rounded DOC:DON 228 
ratio of 20 g g-1 based on data published by Helliwell et al. (2007), and a rounded DOC:DOP ratio of 229 
1000 g g-1, based on soil and surface water data collated from Lottig et al (2012), Kaiser et al (2003), 230 
McGroddy et al (2008), Qualls and Haines (1991), Yanai (1992) and V Martinsen (pers commun).   231 
These values were assumed to apply over all periods of simulation. 232 
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Schindler (1978) assembled data on NPP for c. 60 lakes, nearly all in temperate locations, for which P 233 
was the limiting nutrient.  He derived a linear regression relationship of log10 NPP to log10 [TP], which 234 
we used to estimate NPP for P-limited lakes, for comparison with model simulations. 235 
Contemporary values of Ceff (equation 12) in lake sediments were measured by Sobek et al (2009), 236 
for 27 sediment samples taken from 11 different lakes in Sweden, central Europe and Israel, and 237 
Lake Baikal.  They reported a range of 0.03 to 0.93 in the fraction of sedimented C that was retained 238 
by the sediments, with a mean of 0.48.  Efficiencies were greatest in lakes with high allochthonous 239 
organic matter.   240 
Lakes data set A describes DOM flocculation and sedimentation determined in 12 Swedish boreal 241 
lakes (von Wachenfeldt and Tranvik, 2008).  The data include lake and catchment dimensions, lake 242 
residence times, average annual lake [DOC], and amounts removed to the sediment.  Details are 243 
given in Appendix 1. 244 
Lakes data set B (Table S1B) was made up of results for 73 lakes in Canada, New Zealand, Norway, 245 
UK and USA covering the period 1970 to the present.  The sites were chosen to achieve a reasonably 246 
balanced range of nutrient and Chla concentrations and water residence times. The data comprised 247 
lake and catchment dimensions, average annual lake [TP], [DIN] or [TN], and [Chla], annual average 248 
inflow water or lakewater [DOC], and annual average inflow water [CPM].  In most cases the value of 249 
[CPM] and the CPM composition were estimated (Table S1B).   250 
Lakes data set C comprised results obtained between 1970 and the present for 28 lakes in Canada, 251 
Denmark, Eire, Estonia, Norway, Sweden, Switzerland, UK, USA for which values of RN (28 cases), RP 252 
(14) and FDeN (19) were reported or could be derived from input and output data.  Concentrations 253 
and compositions of input CPM were estimated from other values, as described in Table S1C which 254 
shows all the data used in the analysis.   255 
Lakes data set D (Table S1D) comprised results for 20 lakes in Québec and 14 in Argentina, and was 256 
used for model testing.  The data comprised lake and catchment dimensions, average annual lake 257 
[TP], [DIN] or [TN], and [Chla], annual average inflow water or lakewater [DOC], and annual average 258 
inflow water [CPM].   259 
Lakes data set E (Table S1E) comprised results for 8 varied UK lakes covering both water column 260 
concentrations of N, P, DOC and Chla, and sediment accumulation rates and sediment 261 
concentrations of C, N and P.  Mean annual temperature and precipitation, lake and catchment 262 
dimensions were also available, together with contemporary observations of DIN and TP input loads, 263 
RP and RN.  Most of the water column data were recent, although some went back to the 1940s.  264 
Sediment cores had been taken between 1980 and the present.   265 
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4. Model applications 266 
For each site, the same annual average climatic values were assumed to apply over the entire 267 
simulation period (i.e. pre 1900 to the present).   Although the model runs on a daily timestep in 268 
order to represent the processes realistically, it is not intended to provide daily resolution; the aim is 269 
to simulate annual changes.  Therefore we divided the year into a winter and summer period, and 270 
assumed for this approximate parameterisation that the daily runoff is the mean value times 1.333 271 
in winter and times 0.667 in summer, which is typical for the great majority of the temperate 272 
locations used here (Renner and Bernhofer, 2011; Ali et al 2013).   Temperatures in winter and 273 
summer are assumed to be (MAT-T/2) and (MAT+T/2) respectively, where T is the difference 274 
between the average temperature in the 6-month summer and winter periods, which are also the 275 
periods of algal growth and non-growth (see above).   The annual growing season is simplified to the 276 
six spring and summer months, April to September in the northern hemisphere, October to March in 277 
the southern.  Lake and sediment temperatures were assumed to be the same as air temperature. 278 
Annual evaporation and thereby runoff was calculated from MAP and MAT (mean annual 279 
precipitation and temperature) using the equation of Turc (1954).   280 
A major data absence is long-term information about changes in inflow concentrations and loads to 281 
the lakes, in particular increases in dissolved nutrient concentrations from sewage and agriculture, 282 
and in erosion due to farming intensification.  In cases where long-term variations needed to be 283 
factored in, we simply assumed that inflow values of [DIN] and [DIP] were constant before 1900, 284 
increased linearly over the period 1900 to 1980, and then stayed constant to 2010, the final year of 285 
simulation (Figure S1).  The final flat period takes account of general recent improvements in sewage 286 
treatment.  Inflow [CPM] was assumed constant up to 1900, then changed linearly to 2010 (Figure 287 
S1).  288 
The different types of available data set, and data gaps, made it necessary to apply the model in 289 
several ways, described below.  In each case the described simulation uses a set of parameter 290 
values, either a trial set used in parameter optimisation, or a final set for testing and evaluation.  291 
4.1. Application 1: lake processing of DOM 292 
Input loads of DOC, assumed to be in steady-state, were calculated by mass balance from the 293 
measured lakewater concentrations, photodecomposition and sedimentation of data set A.  The 294 
model was run to calculate the mean annual [DOC] for each of the 12 lakes.   295 
4.2.  Application 2: contemporary lake dissolved nutrient concentrations, [Chla], NPP and Ceff 296 
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This was used with data sets B and D, in which all the lakes have sufficiently short residence times 297 
(all < 7 years) for observed and calculated values to be compared assuming contemporary steady-298 
state.  We used the Nelder and Mead (1965) polytope optimisation procedure to calculate the 299 
steady state inflow concentrations and loads of DIN, DIP and DOC (with DON and DOP in 300 
proportion), that were required to match observed lakewater values.  We did not distinguish 301 
separate inputs of nutrients in direct atmospheric deposition to the lake surface; these would be 302 
included within the effective estimated stream inputs.   Simultaneously with the input optimisation, 303 
the model calculated mean annual [Chla], NPP and Ceff.   304 
4.3.  Application 3: contemporary N and P retention and denitrification in lakes 305 
For the 28 lakes of data set C, contemporary input concentrations and loads were known or could be 306 
estimated, and so the model was run directly to calculate lakewater concentrations of DOM, N, P 307 
and Chla, and thereby losses of N and P to the sediment and in outflow, and denitrification, to 308 
calculate RN, RP and FdeN.  For most of the lakes steady state could be assumed, but Lake Michigan 309 
and Vättern have long residence times so we took into account temporal changes in nutrient and 310 
CPM inputs, using the assumed long-term time trends described above (Figure S1). 311 
4.4.  Application 4: Long-term changes in lake [Chla], nutrient concentrations, sedimentation and 312 
sediment composition 313 
We applied the model to the 8 lakes of data set E, to attempt to account simultaneously for the 314 
observed present-day lakewater [TP], [DIN] and [Chla], together with sediment properties, i.e. mass 315 
accumulation rate and the variations of C, N and P concentrations with depth.  In the absence of 316 
measured data about historical inputs (inflow concentrations or loads of CPM, DIN, DIP and DOM) to 317 
the lakes, we calculated those inputs, adjusting them so as to match as closely as possible observed 318 
values of lakewater and sediment variables.  We used the simple long-term trends in inflow [DIN], 319 
[DIP] and [CPM] described above (Figure S1), and therefore had to estimate values for both the 320 
period before 1900 and contemporary values.  Over the whole time period, the C, N and P contents 321 
of CPM were held constant, the labile fraction of the organic matter was held at 0.05, and the OC:N 322 
and OC:OP ratios of CPM were held constant at 15 and 500 respectively.  Some P was in CPM as inert 323 
inorganic P (0.01%).  In reality the CPM composition will have changed but to attempt to optimise 324 
such changes was not justifiable in view of the approximate nature of the analysis and lack of 325 
suitable data for testing.  We assumed constant [DOC] over the period of simulation and therefore 326 
we did not take into account increases in UK surface water [DOC] over the past several decades 327 
(Worrall et al., 2004; Monteith et al., 2007).  It is not yet certain whether this increase has been a 328 
recovery from acidification, which would imply that under pre-acidification conditions (earlier part of 329 
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the 20th Century) [DOC] was higher, or to the fertilisation effects of atmospherically-deposited N 330 
(Tipping et al., 2012) which would mean that the higher [DOC] is only a recent phenomenon.   331 
The optimisations of past inputs were done with the Nelder and Mead (1965) procedure to minimise 332 
an objective function which was the sum of the root-mean-squared deviations (RMSD) in sediment 333 
thickness with time, sediment %C, %N, %P, lake [TP], lake [TIN], lake [CPM], lake [Chla], and lake 334 
[DOC].  In order to compare the sediment properties, we assumed that all the lakes had a sediment 335 
focussing factor given by coring depth/average depth (simplified from Håkanson, 2003), and used 336 
this to convert the average sediment properties provided by the model to the equivalent of what is 337 
determined from sediment cores.   338 
 339 
 340 
5. Parameterisation  341 
By parameterisation we mean the estimation of the model paramaters of equations (1) to (12).  342 
Optimisation of input concentrations and loads of nutrients, DOM and CPM, either at steady state or 343 
with temporal variation (Section 4) is not considered parameterisation.  Given the general and 344 
heuristic nature of the analysis, we did not strive for precise fits, adjusting parameters to only one or 345 
two significant figures.  The parameterisation strategy comprised four steps, as follows.   346 
5.1. Parameters fixed a priori 347 
We set Q10,BIO to 2.5, based on data summarised by Reynolds (2006), and set r0,max to 0.2 day
-1 which 348 
corresponds to 1.25 day-1 at 20oC in accord with Elliott et al. (2010).  For sediment organic matter 349 
decomposition a Q10,ds of 2.0 accounted satisfactorily for the results of Gudasz et al. (2010), and we 350 
also assumed Q10,dw to equal 2.0.  The settling rate for CPM, vCPM, was set to a rounded value of 1 m 351 
day-1 based on literature values (Stabel, 1987; Boyle and Birks 1999; Malmaeus, 2004), and that for 352 
algae, vBIO, was set to 0.1 m day
-1 based on the summary by Elliott et al. (2010).  The value of flabile 353 
was set to 0.05, which corresponds to the “fast” fraction of organic matter estimated by Mills et al. 354 
(2014) for topsoils.   We set δ (equation 9) to 0.5, as a simple means of forcing the relative reaction 355 
rate to decline with sediment C concentration. 356 
5.2. Parameters describing DOM in lakes 357 
Application 1 (Section 4.1) was combined with data set A to optimise the parameters kfl, kpd,  and γ 358 
(equations 6 and 7) describing the flocculation and photodecomposition of DOM.   There were 359 
insufficient data to optimise all four parameters, and therefore we simplified the approach.  We 360 
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assumed that the two k values were equal, and also the two exponents, which is equivalent to 361 
assuming that the two removal processes are of equal importance, as suggested to be approximately 362 
so by von Wachenfeldt and Tranvik (2008).  Parameter optimisation was done by minimising the sum 363 
of squared residuals in lakewater log [DOC].  We compared results with  (=γ) set to either 1.0 or 364 
2.0. 365 
5.3. Parameters describing algal growth, denitrification and organic matter decomposition   366 
Application 2 (Section 4.2) was combined with data set B and application 3 (Section 4.3) with data 367 
set C to optimise kr, kdeN, kdw, kds for different fixed values of Psed,max.  The value of Psed,max had to be 368 
optimised separately with sediment data (Section 5.4).  The data sets provided observations for 369 
different lakes of [Chla], RN, RP and FdeN.  In addition, we estimated NPP (gC m
-2 a-1) values for lakes of 370 
data set B from Schindler’s relationship (see Section 3).  These observed or independently-estimated 371 
values were combined with model outputs to create an objective function comprising the sum of the 372 
RMSDs between observed and calculated values.  In addition a penalty was imposed whereby a 373 
parameter set was not accepted if the average Ceff fell outside the range 0.4 - 0.6, to make the 374 
results accord with the average of 0.48 reported by Sobek et al.  (2009), described above.  The 375 
parameter values were then systematically varied to find the set that minimised the objective 376 
function. 377 
5.4.  Optimisation of Psed,max 378 
For different parameter sets from Section 5.4, model application 4 (Section 4.4) was combined with 379 
data set E, and the results used to find the value of Psed,max that best-accounted for variations of 380 
sediment P concentrations with depth.   381 
 382 
 383 
6.  Results 384 
6.1. DOM processing 385 
Two parameterisations of DOM processing were made using Application 1 (Section 4.1), one with  386 
(=γ) set to 1.0, which implies simple first order losses of DOM by flocculation or 387 
photodecomposition, and one with  (=γ) set to 2.0, which means that the reactions proceed faster 388 
as [DOM] increases.  More refined adjustment of  and γ was not attempted.  Better results were 389 
obtained for  (=γ) = 2.0 (Figure 2, Appendix 1), for which kfl = kpd = 210
-4 m3 g-1 d-1.   Molot and 390 
Dillon (1996) estimated that for the boreal zone overall, between 40 and 70% of DOC was lost 391 
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through lake processing during passage from the terrestrial system to the sea.  From their range of 392 
DOC fluxes (2 - 8 g m-2 a-1) and typical runoff (500 mm a-1) we obtain a range of [DOC] of 4 to 16 mg L-393 
1.   Running our parameterised model, we obtained fractional removals due to the combination of 394 
lake flocculation and photodecomposition ranging from 29% (2 g m-2 a-1 mg L-1 DOC, lake residence 395 
time one year) to 72% (8 g m-2 a-1 DOC, lake residence time 4 years), in good agreement with the 396 
results of Molot and Dillon (1996).  Del Giorgio and Peters (1994) estimated the removal of DOC in 397 
Québec lakes, and obtained an average of 77% (range 68-85%) for nine lakes that could be analysed 398 
with our model.  For these lakes, we calculate an average removal of 58% (range 38-80%), in fair 399 
agreement with the observations. 400 
 401 
 402 
Figure 2.   Swedish boreal lake DOC concentrations, observed (Von Wachenfeldt and Tranvik LJ, 403 
2008) vs. fitted.  The open circles represent the best fit with  and γ (equations 6 and 7) equal to 1.0, 404 
the closed circles refer to  and γ equal to 2.0 (See Appendix 1). 405 
 406 
6.2.  Contemporary lake primary production and processing of nutrients 407 
Applications 2 and 3 (Sections 4.2. and 4.3) were made to data sets B and C respectively to yield the 408 
final parameter values shown in Table 1; note that these refer to the fits obtained with the 409 
optimised value of Psed,max, (0.002 g g
-1) obtained subsequently (Sections 5.4 and 6.3).  The model 410 
gave a fair match to the observations of [Chla] (Figure 3a), explaining 57% of the variance with an 411 
average ratio of observed to calculated [Chla] of 0.85.  The [Chla] vs [TP] relationship is satisfactorily 412 
reproduced (Figure 3b) and also the NPP vs [TP] relationship (Figure 3c).  Values of RN and RP were 413 
approximately accounted for (Figures 3d and 3e).  The calculated RP values are somewhat high, 414 
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perhaps because (a) the observations of [TP] do not always include recalcitrant P in CPM, which the 415 
model does include and which will be lost efficiently by sedimentation, thereby increasing RP, and (b) 416 
the model fails to account for sediment release processes driven by seasonal changes in redox state.  417 
The average observed and calculated values of FdeN were similar (0.69 and 0.77 respectively) but 418 
there was not a significant correlation, partly because most of the observed and calculated values 419 
are high (Fden > 0.6).  The average Ceff was 0.50, i.e. in the middle of the allowed range (see above), 420 
and the range of Ceff was 0.15 to 0.89, the lower values occurring in lakes with high [Chla] owing to 421 
the greater fraction of labile algal organic matter reaching the sediment.  These results are 422 
comparable to those of Sobek et al (2009), described in Section 3.    423 
As a test, the parameterised model was applied to data set D (Québec and Argentina lakes), using 424 
model application 2 (Section 5.2).  Values of [Chla] were well-predicted for the Québec lakes, but 425 
mostly overpredicted for those in Argentina (Figure 3f).  However, the overall ratio of observed to 426 
calculated [Chla] was 0.84, which is reasonable agreement.    427 
Although the main purpose of this model is to get a long-term perspective, it produces reasonable 428 
seasonality in dissolved N and P and Chla, with winter maxima in nutrient concentrations and a 429 
summer maximum in [Chla], broadly similar to published time series (see e.g. Gibson and Stewart, 430 
1993; Maberly et al., 2011; Carvalho et al., 2012; Reynolds et al., 2012).  The concentration of DIP 431 
tends to be modelled as zero in summer in several cases, whereas the observed values are generally 432 
small but non-zero.   433 
The calculated contemporary sedimentary organic carbon burial rates for all 101 lakes in data sets B 434 
and C ranged from 1.4 to 820 gC m-2 a-1, with an average of 54 gC m-2 a-1 and a median of 15.5   gC m-435 
2 a-1.  When categorised following Anderson et al. (2014) the mean values were 26, 94 and 112  gC m-436 
2 a-1 for [TP] < 30 µg L-1, 30 < 100 µg L-1 and > 100 µg L-1 respectively, comparable to the values of 34, 437 
71, 98 gC m-2 a-1 determined by Anderson et al (2014) from the (focusing-corrected) sediment 438 
records of 90 culturally impacted European lakes.  Our results must be treated with circumspection, 439 
because we had to make estimates of CPM inputs and compositions, but they appear to be of the 440 
right order.  When our sites were run with r0,max set to a very low value, so that the production of 441 
algal biomass was reduced essentially to zero, the average calculated C burial rate over the 101 lakes 442 
fell from 54 to 49 gC m-2 a-1, and the median C burial rate from 15.5 to 11.3 gC m-2 a-1.  Thus 443 
according to the model, on average the allochthonous sources of C (CPM and DOM) contribute more 444 
to sediment C in these lakes than does the production and settling of algal biomass.   445 
The value of kds (0.007 d
-1 at 0oC) converts to 0.028 d-1 at 20oC which falls within the range of 0.01 - 446 
0.06 d-1 quoted by Reynolds (2006), based on the results of Jewell and McCarty (1971), for 447 
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phytoplankton decomposition.  This constant also quantifies the decomposition of labile organic 448 
matter washed into the lake in CPM.  The value of kdw, which includes both decomposition in the 449 
water column and the effects of  grazing, 0.006 d-1 at 0oC, corresponds to a removal rate at 10oC of 450 
0.012 day-1 and at 20oC of 0.024 day-1.  These loss rates are at the lower end of the range given by 451 
Kalff (2002) in a compilation of results for temperate lakes in the growing season, although the 452 
majority of the compiled observations were in this lower region, the distribution being highly 453 
skewed.   454 
 455 
Figure 3.   Results of fitting data sets B and C.  In panels A, D, E and F the 1:1 line is shown.  In panel C 456 
the line is the regression of  Schindler (1978) for c. 60 mainly temperate lakes. 457 
 458 
6.3.  Long-term lake nutrient and Chla concentrations, sediment accumulation rate and composition 459 
The parameters derived above were used with Application 4 (Section 4.4) to simulate water 460 
chemistry, [Chla] and sediment profiles in the 8 UK lakes of data set E, with optimisation of lake 461 
inflow concentrations and loads (model application 4).  The best value of Psed,max (the maximum 462 
sediment content of labile P) taking all 8 lakes into account was found to be 0.002 g g-1.  Apart from 463 
their use to optimise this parameter, the results for the 8 lakes show the extent to which the model 464 
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can make simultaneous simulations of water and sediment variables.  The observations were 465 
reproduced fairly well (Figures 4 and 5) in all cases except for Rostherne Mere (see below).  We 466 
calculated lake [TP] values before 1900 to be lower by about a factor of three than those estimated 467 
from diatom P transfer functions (Figure 4A), but overestimation of TP by the latter method has 468 
been reported previously (Bennion et al, 2005).  Note that the modelled values of [TP] result mainly 469 
from the model’s attempts to reproduce the variation of P in the sediment profiles. 470 
 471 
 472 
Figure 4.  Obserevd vs. calculated lakewater concentrations of nutrients and Chla for the 8 lakes of 473 
data set E.  Open circles are contempary values for 7 of the lakes, results for Rostherne Mere (not 474 
fitted with universal parameters) are shown as solid symbols.  The open squares are values of [TP] 475 
for ~ 1850 estimated from diatom P transfer functions (Bennion et al., 2005; Foy et al., 2003; Barker 476 
et al., 2005).   477 
 478 
 479 
The values of [CPM], deduced from the sedimentation rates (Table 2), correspond to contemporary 480 
sediment delivery rates in the range 1 to 35 g m-2 (catchment) a-1 which are within the observed 481 
range for UK catchments (see legend to Table S1b).  The highest rates are found for Rostherne Mere, 482 
Loch Leven and Lough Neagh, all of which have significant intensive agriculture.  The average value 483 
of sediment delivery for the 8 lakes is calculated to have increased from 8.9 to 11.2 g m-2 a-1 (27%) 484 
over the 20th Century.  The C contents of the CPM are in the range found for topsoils, with the 485 
exception of Loch Lomond, for which the low derived C content is likely associated with 486 
overestimation of DOM processing (see Discussion).  Somewhat coincidentally, their average value 487 
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of 6.5% C is exactly equal to the value we derived for riverine CPM entering the lakes of data sets B, 488 
C and D (Section 3).  Comparisons of the calculated input loads of DIN and TP, and values of RN and 489 
RP, with available measurements mostly show fair agreement (Table 3). 490 
 491 
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Figure 5.  Observed (points) and simulated (lines) lake sediment profiles. 493 
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Table 2.  Derived input concentrations and CPM compositions for the 8 lakes of data set E.  Note that 496 
the CN and CP ratios of CPM are assumed constant at 15 and 500 (g/g) respectively.   Nutrient  497 
inputs include deposition to lake by implication.  Values in brackets were fixed, because no sediment 498 
P data were available for fitting. 499 
Lake [CPM] 
mg L-1 
CPM-C 
% 
 [DIN]in 
µg L-1 
 [DIP]in 
µg L-1 
[DOC]in 
mg L-1 
 ≤ 1900 2010   ≤ 1900 1980+  ≤ 1900 1980+  
Grasmere 0.4 0.6 21.7  30 430  2 22 1.9 
Wastwater 1.6 1.6 4.9  10 380  (1) 2 1.9 
Loch Leven 55 63 7.1  8 3220  6 200 6.2 
Loch Lomond 9.0 9.0 0.1  5 240  (2) 9 5.0 
Lough Neagh 29.6 42.4 3.2  8 1840  29 191 15.5 
Bassenthwaite Lake 0.8 3.5 1.5  73 430  3 32 2.4 
Loweswater 3.7 3.8 5.6  100 540  7 17 2.2 
           
Rostherne Mere 18.2 40.7 8.2  22 2240  (125) 432 10.7 
 500 
The model could not simulate Rostherne Mere satisfactorily with default parameters.  Firstly this 501 
was because the observed lakewater [Chla] was unusually low for the observed [TP], so the model 502 
calculated [Chla] to be about three times the observed value.  Secondly, to match the lakewater 503 
[DOC] the input concentration of [DOC] had to be very high (~ 30 mg L-1), which meant that the 504 
flocculation reaction (equation 6) dominated the sediment carbon accumulation, so that the CPM 505 
entering the lake was calculated to be very low in carbon.  Furthermore, the calculated lakewater 506 
[DIP] for 1900 was far lower than the value of c. 100 µg L-1 estimated from diatom P transfer 507 
functions (Bennion et al., 2006), and thought to reflect the high levels of weatherable P in local 508 
rocks.  More realistic results could be achieved by reducing r0,max (equation 1) from 0.2 to 0.1, 509 
reducing the DOM processing constants also by a factor of two, so that the DOC was less susceptible 510 
to photodecomposition and flocculation, and setting the input [DIP] in 1900 to 125 µg L-1.  With 511 
these alterations, a reasonable fit could be achieved (Figures 4 and 5), with more sensible values of 512 
the driving variables, although at the expense of abandoning the general model.  513 
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Table 3.  Input loads and retention factors for the 8 lakes of data set E; comparison of observed (obs) and calculated (calc) values.  The RN values for 515 
Grasmere refer to DIN only. 516 
 517 
 518 
 519 
  520 
Lake RDOC RCPM
obs calc obs calc obs calc obs calc calc calc
Grasmere 16 27 1.7 1.5 -0.21 0.06 0.46 0.05 0.02 0.79
Wastwater 35 0.36 0.13 0.47 0.23 0.90
Loch Leven 310 20.5 20.4 0.57 0.39 0.57 0.28 0.99
Loch Lomond 212 25.9 12.9 0.30 0.43 0.69 0.53 0.96
Loch Neagh 9572 9620 441 745 0.49 0.62 0.34 0.50 0.59 0.98
Bassenthwaite Lake 128 167 16.5 13.4 0.06 0.01 0.15 0.02 0.85
Loweswater 8 0.22 0.28 0.18 0.37 0.11 0.95
Rostherne Mere 11 8 2.2 1.6 0.39 0.60 0.20 0.22 0.19 0.98
DIN input, tonnes TP input, tonnes RN RP
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The contributions of DOC to sediment C were estimated by running the model in default mode and then with 521 
flocculation switched off, removing the contribution of sedimented flocculated DOC.  The sediment C due to 522 
DOC varied widely among the lakes (Table 4), from 2-5 % in Grasmere to 75-86% in Loch Lomond.  In the 523 
default model, the fractional DOC contribution to sediment C was lower in 2000 than in 1900 for all the lakes 524 
because of the increased contributions of algal production and sedimentation of CPM.   The separate 525 
contributions of algal growth and sedimentation were estimated by setting r0,max to a very low value, so that 526 
essentially no algal growth occurred.  This showed (Table 4) that in 1900 algae contributed no more than 21% 527 
of the sediment C, but by 2000 the contributions had increased, to nearly 60% in the case of Lough Neagh.   528 
The average contributions over the 8 lakes in 1900 were CPM 58%, DOM 31%, algae 10%, while in 2000 they 529 
were 49%, 20%, 32%.  Thus, the situation is qualitatively the same as for the 101 lakes of data sets B and C, in 530 
that CPM and DOM are on average the main contributors to lake sediment carbon, but the contribution from 531 
algae is increasingly significant. 532 
 533 
Table 4. Contributions to sediment C for the 8 lakes of data set E. 534 
 535 
 536 
For the 8 lakes of data set E, comparisons of C, N and P fluxes were made between 1900 and 2000 to estimate 537 
the changes undergone by these lakes over the last century.  Key fluxes are compared in Figure 6 and the 538 
average values are presented in Table 5.  Overall, eutrophication and increased sedimentation are calculated 539 
to have led to a 6-fold increase in organic carbon fixation, a doubling in C respiration and a 70% increase in C 540 
burial.  Average denitrification has increased 8-fold, N sediment burial has more than doubled and P burial 541 
nearly tripled.    542 
  543 
fr sed C from CPM fr sed C from DOM fr sed C from algae
1900 2000 1900 2000 1900 2000
Grasmere 0.90 0.75 0.05 0.02 0.05 0.23
Wastwater 0.54 0.53 0.37 0.36 0.08 0.10
Loch Leven 0.94 0.72 0.05 0.03 0.01 0.25
Loch Lomond 0.03 0.02 0.86 0.75 0.11 0.22
Lough Neagh 0.43 0.25 0.47 0.16 0.10 0.59
Bassenthwaite Lake 0.52 0.49 0.27 0.07 0.21 0.45
Loweswater 0.79 0.65 0.11 0.08 0.10 0.27
Rostherne Mere 0.52 0.49 0.31 0.09 0.17 0.42
Average 0.58 0.49 0.31 0.20 0.10 0.32
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 544 
 545 
Figure 6.  Calculated C, N and P fluxes in 1900 and 2000 for the lakes of data set E. 546 
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Table 5. Calculated changes in macronutrient fluxes in g m-2 (lake area) a-1, averaged over the 8 lakes of data 548 
set E.  The CPM and sediment  P values refer to organic P only. 549 
 550 
 551 
 552 
7. Discussion  553 
By combining simple representations of basic lake processes (Figure 1) we have constructed a coherent 554 
picture of lake macronutrient processing, simultaneously accounting for water composition and lake sediment 555 
properties.   The model can simulate C, N and P processing on the basis of suspended sediment and nutrient 556 
loading, together with lake and catchment dimensions and hydrology and climate, in a way suitable for 557 
analysing large landscapes with many and varied lakes.  The model is readily applied to time-series 558 
simulations, for known or estimated changing inputs to the lakes. 559 
7.1.  Assessing model performance and limitations  560 
We used many data, mostly not completely ideal, and with some assumptions, to derive parameters 561 
describing water column dynamics (inputs and outputs) and implied carbon burial rates.  These enabled fairly 562 
successful simultaneous simulations of several key variables for different lakes, including testing on 563 
independent data sets (Figures 2 and 3).  The simplicity of the model and the generally sparse information 564 
about lakes and their catchments preclude accurate simulation of individual lakes, but the model is 565 
reasonably successful at reproducing trends in the observed data (Figure 3).  When applied to lakes with more 566 
data (data set E), with optimisation of nutrient and Chla concentrations and back-calculation of long-term 567 
1900 2000
mean sd mean sd ratio
Total inputs C 114 55 165 84 1.45
N 6.7 4.3 23.5 15.0 3.50
P 0.34 0.32 1.42 1.15 4.23
CPM inputs C 10.0 10.4 12.9 11.1 1.28
N 0.67 0.69 0.86 0.74 1.28
P 0.02 0.02 0.03 0.02 1.28
C fixed 9.8 4.3 58.4 60.1 5.96
OC respired 29 27 66 64 2.25
Denitrification rate 0.5 0.7 4.5 4.3 8.29
Sediment burial C 9.5 8.4 15.9 13.6 1.67
N 0.66 0.56 1.53 1.44 2.31
P 0.11 0.06 0.31 0.27 2.85
Outputs in outflow C 74.6 63.1 82.9 71.8 1.11
N 5.5 4.6 17.5 16.0 3.18
P 0.23 0.29 1.11 1.13 4.89
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inputs using simple trend patterns, the model manages to provide approximate reproduction of lake sediment 568 
records (Figure 5).  The comparisons of observed and simulated macronutrient loads and RN and RP values 569 
(Table 3) provide independent support for the model and its parameterisation.  We therefore consider the 570 
model to have been validated in the sense that it can account without major bias for available data, whch 571 
characterise, for a large number of lakes, both contemporary lake-to-lake variations and temporal change, 572 
reflected in sediment records. 573 
Our intended wider application of the model is in a large-scale landscape context and this means that 574 
“universal” parameters are needed.  The results for 7 of the 8 lakes of data set E suggest that this may be 575 
feasible, but Rostherne Mere is an exception, since reasonable results for this lake were obtained only after 576 
modification of two of the “universal” parameters.  We also found that the sediment P profile in Grasmere 577 
could be matched much better if Psed,max was raised from 0.002 to 0.004 g g
-1.  Therefore use of the model with 578 
default parameters will simulate some lakes better than others, and it would be desirable to evaluate the 579 
model further by the analysis of more lakes with data for both water and sediments, in order to test for 580 
systematic errors, and perhaps establish reasons for deviations from the defaults.   581 
Of the known processes that we have simplified or neglected, those associated with DOM have been 582 
especially highlighted by the present analysis.  Few lake eutrophication models include DOM and its 583 
transformations.  An exception is the model of catchment-lake interactions by Hanson et al. (2004) which 584 
takes into account DOM formation from primary producers, dependent upon nutrient P.  Our DOM processes 585 
include the flocculation reaction which leads to sediment burial of C, together with photodecomposition, 586 
whereas Hanson et al. (2004) represented the transformation of POC to DOC, but not flocculation.  The 587 
removal of DOM by lakes, by flocculation-sedimentation and photodecomposition, is well-established for 588 
boreal systems dominated by wetlands, and we have assumed that a parameterisation based on and tested 589 
with boreal data holds for DOM in temperate lakes in general.  This may be too much of a simplification, 590 
because of likely differences in DOM quality among systems, and therefore information about DOM behaviour 591 
in other types of temperate lakes would be helpful.   Generally it would be expected that DOM in boreal 592 
systems is more hydrophobic and coloured and therefore more susceptible to both flocculation and 593 
photodecomposition than the more hydrophilic and less coloured material emanating from mineral soils.  594 
Although our model takes this into account to some extent, via the exponentiated terms in equations (6) and 595 
(7), the reality is likely more complex.  The point is illustrated by the improved results obtained for Rostherne 596 
Mere when the value of kfl in equation (6) is halved, which leads to less DOC contributing to the lake 597 
sediment, and allows a more realistic composition of CPM.  Similarly, a high DOC contribution to sediment C is 598 
calculated for Loch Lomond, by virtue of the loch’s long residence time, which probably causes the modelled C 599 
content of CPM (Table 3) to be too low.  Work is needed to understand the contribution of DOM to lake 600 
sediment carbon  in non-boreal lakes.   DOM is also considered here to be a significant source of N and P for 601 
algal growth, especially in oligotrophic lakes.  Another issue with respect to lake DOM that deserves attention 602 
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is recent temporal variability (increases) in fluxes from the terrestrial system, related to acidification and its 603 
reversal, and eutrophication (Section 4.4).  604 
7.2.  Changes in sediment and carbon accumulation 605 
The results obtained with data set E (Table 2) suggest that average CPM delivery to the 8 lakes increased by 606 
about 40% during the 20th Century.  This is a smaller increase than the approximate doubling of sediment 607 
delivery rate during the 20th Century suggested by the results of Foster et al. (2011) for 19 UK lakes (none of 608 
which were in the data set E lakes).   A possible explanation for the difference is that a number of the lakes 609 
studied by Foster et al (2011) were in areas with appreciable arable farming, which might be expected to 610 
generate greater changes in sediment delivery.  Foster et al. (2011) assumed all lake sediment was from the 611 
catchment, ignoring autochthonous production, which is reasonable from the point of view of suspended 612 
sediment per se, but could not be applied to the budgeting of C, N and P. 613 
Our analysis provides some insight into carbon burial in lake sediments, and how it has changed.  As described 614 
in Section 6.2, the modelled average contemporary C burial rates for the 101 lakes of data sets B and C are 615 
similar to values for other European lakes estimated by Anderson et al. (2014), although again we emphasise 616 
that our values must be treated with caution because our estimates of CPM inputs are approximate in most 617 
cases.  These are independent assessment methods, since we did not use sediment records for our estimates, 618 
whereas the Anderson et al. (2014) results come from sediment analysis only.  Anderson et al. (2014) 619 
suggested that lowland European lakes that have undergone eutrophication are primarily burying 620 
autochthonous carbon, i.e. carbon fixed by photosynthesis into algae in the lake, but our calculations do not 621 
agree with this.  For the lakes of data sets B and C we estimate that only about 10% of the buried carbon is 622 
from algal production.  For the 8 lakes of data set E, we estimate that currently 32% on average is derived 623 
from algae, 68% from CPM and DOM (Table 4).  But attempting to generalise on this point is dangerous 624 
because the allochthonous / autochthonous balance will depend strongly on the external loading of CPM.  625 
Thus Hanson et al. (2004) in a comprehensive study of lakes in Wisconsin found that eutrophication was a 626 
major factor in sediment C burial, but the lakes considered had relatively low inputs of POC, which would 627 
mean that CPM could not give rise to high burial rates.  A final point is that for the 8 lakes of data set E we 628 
estimate that most of the change in C burial during the 20th Century was due to nutrient enrichment and 629 
increased autochthonous production (Table 4).   630 
7.3.  Long-term large-scale applications 631 
The wider purpose of the model is to simulate macronutrient processing in all lakes in a landscape or region 632 
over time, specifically over the period since 1800 during which human activities have caused large 633 
macronutrient-associated changes in the terrestrial-freshwater environment.  This will involve  linking the lake 634 
model described here with spatially-resolved simulations of terrestrial environmental changes, including 635 
agricultural practices, sewage discharges, and the effects of atmospheric deposition and climate change.  Such 636 
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an analysis will be based on simulating each lake in its catchment situation, and will take into account the 637 
different sizes of lakes and their catchments, permitting a realistic scaling-up of the model outputs, and 638 
making more general the flux calculations performed here for the 8 lakes of data set E (Table 5, Figure 6).  The 639 
spatially-resolved modelling of external processes will also improve the definition of inputs to the lakes, 640 
compared with the assumptions about long-term variations used in the present work.  This large-scale 641 
modelling will incorporate the full lake C cycle, i.e. including DIC in water draining from the land and related 642 
outgassing, allowing complete C budgets to be constructed. 643 
Thus, it will be possible to describe quantitatively how long-term, large-scale changes in macronutrient supply 644 
and behaviour have affected lakes, how lakes have contributed to the processing and storage of C, N and P in 645 
the landscape, and what might occur under different future scenarios.  Sensitivity analyses conducted as part 646 
of this integrated modelling effort will permit us to assess whether the simplifications and approximations 647 
made in the present study have led to uncertainties sufficiently large to require model improvement and an 648 
increase in process detail. 649 
 650 
 651 
Acknowledgements 652 
We are grateful to ID Jones, SC Maberly and EB Mackay (Centre for Ecology and Hydrology), NL Rose and SD 653 
Turner (University College London) for helpful comments on a draft manuscript.  The research was funded by 654 
the UK Natural Environment Research Council Macronutrient Cycles Programme (LTLS project, Grant no. 655 
NE/J011533/1), and the MARS project (Managing Aquatic ecosystems and water Resources under multiple 656 
Stress); 7th EU Framework Programme, Theme 6, Contract No.: 603378 http://www.mars-project.eu). 657 
 658 
Supplementary material 659 
Appendix A1 Modelling the removal of DOC from boreal lakes  660 
Table S1 Excel workbook containing lakes data sets B-E 661 
Figure S1 Assumed patterns of temporal change for lake inputs  662 
 663 
 664 
References 665 
Ali G, Tetzlaff D, Kruitbos L, Soulsby C, Carey S, McDonnell J, Buttle J, Laudon H, Seibert J, McGuire K, Shanley J 666 
(2013)  Analysis of hydrological seasonality across northern catchments using monthly precipitation–667 
runoff polygon metrics.  Hydrol Sci J DOI: 10.1080/02626667.2013.822639  668 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
29 
 
Anderson NJ, Dietz RD, Engstrom DR (2013)  Land-use change, not climate, controls organic carbon burial in 669 
lakes.  Proc. R. Soc. B 280, 20131278 670 
Anderson NJ, Bennion H, Lotter AF (2014)  Lake eutrophication and its implications for organic carbon 671 
sequestration in Europe.  Global Change Biol 20, 2741–2751  672 
Ankers C, Walling DE, Smith RP (2003) The influence of catchment characteristics on suspended sediment 673 
properties. Hydrobiologia 494, 159–167 674 
Barker PA, Pates JM, Payne RJ, Healey RM (2005)  Changing nutrient levels in Grasmere, English Lake District, 675 
during recent centuries.  Freshwat Biol 50, 1971–1981 676 
Bennion H, Johnes P, Ferrier R, Phillips G, Haworth E (2005)  A comparison of diatom phosphorus transfer 677 
functions and export coefficient models as tools for reconstructing lake nutrient histories  Freshwater 678 
Biology 50, 1651–1670 679 
Bennion H, Rose N, Burgess A, Yang H, Bowers J (2006)  Palaeolimnological investigation of English Lake SSSIs.  680 
Environmental Change Research Centre Report to the Environment Agency of England and Wales. 681 
Boyle JF, Birks HJB (1999)  Predicting heavy metal concentrations in the surface sediments of Norwegian 682 
headwater lakes from atmospheric deposition: an application of a simple sediment-water partitioning 683 
model.  Water Air Soil Pollut 114, 27–51 684 
Carvalho L, Ferguson CA, Gunn IDM, Bennion H, Spears B, May L (2012) Water quality of Loch Leven: 685 
responses to enrichment, restoration and climate change. Hydrobiologia 681, 35-47 686 
Cramer WP, Leemans R (2001). Global 30-Year Mean Monthly Climatology, 1930-1960.  Oak Ridge National 687 
Laboratory Distributed Active Archive Center OR, Tennessee, U.S.A. 688 
Dean WE, Gorham E (1998) Magnitude and significance of carbon burial in lakes, reservoirs, and peatlands. 689 
Geology 26, 535–538 690 
del Giorgio PA, Peters RH (1994)  Patterns in planktonic P: R ratios in lakes: Influence of lake trophy and 691 
dissolved organic carbon.  Limnol Oceanogr 39, 772-787 692 
Dittrich M, Wehrli B, Reichert P (2009)  Lake sediments during the transient eutrophication period: Reactive-693 
transport model and identifiability study. Ecological Modelling 220, 2751–2769 694 
Elliott JA, Irish AE, Reynolds CS (2010)  Modelling phytoplankton dynamics in freshwaters: affirmation of the 695 
PROTECH approach to simulation.  Freshwater Reviews 3, 75-96 696 
Foster IDL, Collins AL, Naden PS, Sear DA,  Jones JI, Zhang Y (2011) The potential for paleolimnology to 697 
determine historic sediment delivery to rivers. J Paleolimnol 45, 287–306 698 
Foy RH, Lennox SD, Gibson CE (2003) Changing perspectives on the importance of urban phosphorus inputs as 699 
the cause of nutrient enrichment in Lough Neagh.  Sci Tot Environ 310, 87-99 700 
Gälman V, Rydberg J, Sara Sjöstedt de-Luna S, Bindler R, Renberg I (2008)  Carbon and nitrogen loss rates 701 
during aging of lake sediment: Changes over 27 years studied in varved lake sediment.  Limnol 702 
Oceanogr 53, 1076–1082 703 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
30 
 
Gibson CE, Stewart DA (1993)  Nutrient cycles in Lough Neagh, In Wood RB, Smith RV (eds) Lough Neagh: The 704 
Ecology of a Multipurpose Water Resource, Kluwer, Dordrecht, pp 171-201. 705 
Gudasz C, Bastviken D, Steger K, Premke K, Sobek S, Tranvik L (2010) Temperature-controlled organic carbon 706 
mineralization in lake sediments.  Nature 466, 478-481 707 
Håkanson L, Boulion VV (2003) A general dynamic model to predict biomass and production of phytoplankton 708 
in lakes. Ecological Modelling 165, 285–301 709 
Håkanson L, Bryhn AC  (2008) A Dynamic Mass-balance Model for Phosphorus in Lakes with a Focus on 710 
Criteria for Applicability and Boundary Conditions. Water Air Soil Pollut 187, 119-147 711 
Hanson PC, Pollard AI, Bade DI, Predick K, Carpenter SR, Foley JA (2004) A model of carbon evasion and 712 
sedimentation in temperate lakes. Global Change Biol 10, 1285–1298 713 
Heathcote AJ, Downing JA (2012)  Impacts of eutrophication on carbon burial in freshwater lakes in an 714 
intensively agricultural landscape. Ecosystems 15, 60–70 715 
Helliwell RC, Coull MC, Davies JJL, Evans CD, Norris D, Ferrioer RC, Jenkins, A, Reynolds B (2007)  The role of 716 
catchment characteristics in determining surface water nitrogen in four upland regions in the UK.  717 
Hydrol Earth Syst Sci 11, 356-371 718 
Håkanson L (2003) Quantifying burial, the transport of matter from the lake biosphere to the geosphere. 719 
Internat Rev Hydrobiol 88, 539–560 720 
Jewell WJ, McCarty PL (1971)  Aerobic decomposition of algae. Environ Sci Technol 5, 1023–31 721 
Jørgensen SE (1976)  A eutrophication model for a lake.  Ecol Modelling 2, 147-165 722 
Jørgensen SE, Halling-Sørensen B, Nielsen SN (1996) Handbook of Environmental and Ecological Modeling, 723 
Lewis, Boca Raton. 724 
Kaiser K, Guggenberger G, Haumaier L (2003) Organic phosphorus in soil water under a European beech 725 
(Fagus sylvatica L.) stand in northeastern Bavaria, Germany: seasonal variability and changes with soil 726 
depth. Biogeochem 66, 287–310 727 
Kalff, J. 2002. Limnology. Prentice Hall. 728 
Lottig NR, Stanley EH, Maxted JT (2012) Assessing the influence of upstream drainage lakes on fluvial organic 729 
carbon in a wetland-rich region J Geophys Res 117, G03011, doi:10.1029/2012JG001983 730 
Maberly SC, De Ville MM, Thackeray SJ, Feuchtmayr H, Fletcher JM, James JB, Kelly JL, Vincent CD, Winfield IJ, 731 
Newton A, Atkinson D, Croft A, Drew H, Saag M, Taylor S, Titterington SH (2011) Survey of the lakes of 732 
the English Lake District: The Lakes Tour 2010.  Report to: Environment Agency, North West Region 733 
and Lake District National Park Authority 734 
Malmaeus JM (2004)  Variation in the settling velocity of suspended particulate matter in shallow lakes, with 735 
special implications for mass balance modelling. Internat Rev Hydrobiol 89, 426–438 736 
McGroddy ME, Baisden WT, Hedin LO (2008)  Stoichiometry of hydrological C, N, and P losses across climate 737 
and geology: An environmental matrix approach across New Zealand primary forests.  Global 738 
Biogeochemical Cycles, 22, GB1026 739 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
31 
 
Mills RTE, Tipping E, Bryant CL, Emmett BA (2014) Long-term organic carbon turnover rates in natural and 740 
semi-natural topsoils.  Biogeochem 118, 257–272 741 
Molot LA, Dillon PJ (1996) Storage of terrestrial carbon in boreal lake sediments and evasion to the 742 
atmosphere. Global Biogeochem Cycles 10, 483-492 743 
Monteith DT, Stoddard JL, Evans CD, De Wit HA, Forsius M, Høgåsen T, Wilander A, Skjelkvåle BL, Jeffries DS, 744 
Vuorenmaa J, Keller B, Kopácek J, Vesely J (2007)  Dissolved organic carbon trends resulting from 745 
changes in atmospheric deposition chemistry.  Nature 450, 537-540 746 
Nelder JA, Mead R (1965) A simplex method for function minimization. Computer J 7, 308–313 747 
Nyholm N (1978)  A simulation model for phytopklankton growth and nutrient cycling in eutrophic, shallow 748 
lakes.  Ecol Modelling 4, 279-310 749 
Omlin M, Reichert P, Forster R (2001)  Biogeochemical model of Lake Zürich: model equations and results.  750 
Ecological Modelling 141, 77–103 751 
Pacheco FS, Roland F, Downing JA (2013)  Eutrophication reverses whole-lake carbon budgets. Inland Waters 752 
4, 41-48 753 
Qualls G, Haines BL (1991)  Geochemistry of dissolved organic nutrients in water percolating through a Forest 754 
Ecosystem Soil Sic Soc Am J 55, 112-1123 755 
Renner M, Bernhofer C (2011)  Long-term variability of the annual hydrological regime and sensitivity to 756 
temperature phase shifts in Saxony/Germany.  Hydrol Earth Syst Sci 15, 1819–1833 757 
Reynolds CS (2006)  Ecology of Phytoplankton.  Cambridge University Press, Cambridge, 533pp. 758 
Reynolds CS, Maberly SC, Parker JE, De Ville MM (2012)  Forty years of monitoring water quality in Grasmere 759 
(English Lake District): separating the effects of enrichment by treated sewage and hydraulic flushing 760 
on phytoplankton ecology. Freshwat Biol 57, 384–399 761 
Rich PH, Wetzel RG (1978)  Detritus in the lake ecosystem.  Amer Nat 112, 57-71 762 
Saloranta TM, Andersen T (2007)  MyLake - A multi-year lake simulation model code suitable for uncertainty 763 
and sensitivity analysis simulations. Ecol Modelling, 207, 45-60 764 
Saunders DL, Kalff J (2001) Nitrogen retention in wetlands, lakes and rivers. Hydrobiologia 443, 205–212 765 
Schindler (1978)  Factors regulating phytoplankton production and standing crop in the world’s freshwaters.  766 
Limnol Oceanogr 23, 478-486. 767 
Schlesinger WH, Bernhardt ES  (2013) Biogeochemistry: An Analysis of Global Change, 3rd Edition, Academic 768 
Press, Waltham. 769 
Seitzinger SP (1988) Denitrification in freshwater and coastal marine ecosystems: Ecological and geochemical 770 
significance. Limnol Oceanogr 33, 702-724 771 
Smits JGC, van Beek JKL (2013) ECO: A Generic Eutrophication Model Including Comprehensive Sediment-772 
Water Interaction PLoS ONE 8, e68104 773 
Spears BM, Carvalho L, Perkins R, Paterson DM (2008) Effects of light on sediment nutrient flux and water 774 
column nutrient stoichiometry in a shallow lake. Water Research 42, 977-986. 775 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
32 
 
Spears BM, May L (2015)  Long-termhomeostasis of filterable un-reactive phosphorus in a shallow eutrophic 776 
lake following a significant reduction in catchment load.  Geoderma, available on-line. 777 
Sobek S, Durisch-Kaiser E, Zurbrügg R, Wongfun N, Wessels M, Pasche N, Wehrli B (2009) Organic carbon 778 
burial efficiency in lake sediments controlled by oxygen exposure time and sediment source.  Limnol 779 
Oceanogr 54, 2243–2254 780 
Stabel HH (1987) Settling velocity and residence time of particles in Lake Constance.  Swiss J Hydrol  49, 284-781 
293     782 
Sterner RW, Elser JJ (2002) Ecological Stoichiometry.  Princeton University Press. 783 
Tipping E, Marker AFH, Butterwick C, Collett GD, Cranwell PA, Ingram JKG, Leach DV, Lishman JP, Pinder AC, 784 
Rigg E, Simon BM (1997) Organic carbon in the Humber rivers. Sci Tot Environ 194/195, 345-355 785 
Tipping E, Rowe EC, Evans CD, Mills RTE, Emmett BA, Chaplow JS, Hall JR (2012) N14C: A plant–soil nitrogen 786 
and carbon cycling model to simulate terrestrial ecosystem responses to atmospheric nitrogen 787 
deposition.  Ecol Modelling  247, 11-26 788 
Tranvik LJ, Downing JA, Cotner JB, Loiselle SA, Striegl RG, Ballatore TJ, Dillon P, Finlay K, Fortino K, Knoll LB, 789 
McCallister L, McKnight DM, Melack JM, Overholt E, Porter JA, Prairie Y, Renwick WH, Roland F, 790 
Sherman BS, Schindler DW, Sobek S, Tremblay A, Vanni MJ, Verschoor AM, von Wachenfeldt, E, 791 
Weyhenmeyer GA (2009) Lakes and reservoirs as regulators of carbon cycling and climate. Limnol 792 
Oceanogr 54, 2298–2314 793 
Turc, L (1954) Calcul du bilan de l'eau évaluation en fonction des précipitations et des temperatures. In: Vol. II 794 
of IAHS Rome Assembly 1954. IAHS Publ. 38, 188-202. IAHS, Walllingford, UK. 795 
Vadeboncoeur Y, Peterson G, Vander Zanden MJ, Kalff J (2008)  Benthic algal production across lake size 796 
gradients: interactions among morphometry, nutrients, and light. Ecology 89, 2542–2552 797 
Vollenweider RA (1975)  Input–output models with special reference to the phosphorus-loading concept in 798 
limnology.  Schweiz Zeit Hydrologie 37, 53–84 799 
von Wachenfeldt E, Tranvik LJ (2008) Sedimentation in boreal lakes - the role of flocculation of allochthonous 800 
dissolved organic matter in the water column.  Ecosystems 11, 803-814 801 
Walling DE, Russell MA, Webb BW (2001) Controls on the nutrient content of suspended sediment 802 
transported by British rivers. Sci Tot Environ 266, 113-123 803 
Wetzel RG (2001) Limnology: Lake and River Ecosystems, Third Edition, Academic Press, San Diego 804 
Worrall F, Harriman R, Evans CD, Watts C, Adamson J, Neal C, Tipping E, Burt TP, Grieve I, Montieth D, Naden 805 
PS, Nisbet T, Reynolds B, Stevens P (2004)  Trends in dissolved organic carbon in UK rivers and lakes. 806 
Biogeochem 70, 369-402 807 
Yanai RD (1992) Phosphorus budget of a 70-year-old northern hardwood forest. Biogeochem 17, 1-22 808 
 809 
 810 
Supplementary material for on-line publication only
Click here to download Supplementary material for on-line publication only: Tipping et al_LTLS lakes _Appendix A1.docx
Supplementary material for on-line publication only
Click here to download Supplementary material for on-line publication only: Tipping et al_LTLS lakes_Figure S1.docx
Supplementary material for on-line publication only
Click here to download Supplementary material for on-line publication only: Tipping et al_LTLS lakes_Table S1.xlsx
